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The disordered antiferromagnet PbFe1/2Nb1/2O3 (PFN ) is investigated in a wide temperature
range by combining Mo¨ssbauer spectroscopy and neutron diffraction experiments. It is demonstrated
that the magnetic ground state is a microscopic coexistence of antiferromagnetic and a spin-glass
orders. This speromagnet-like phase features frozen-in short-range fluctuations of the Fe3+ magnetic
moments that are transverse to the long-range ordered antiferromagnetic spin component.
Phase transitions in the presence of disorder and/or
competing interactions are one of the central unresolved
problems in modern condensed matter physics1–4. With
both effects present, one may encounter a freezing of mi-
croscopic degrees of freedom without conventional long-
range order. In magnetic systems, the corresponding
phenomenon is referred to as a spin-glass (SG) transi-
tion5. By now, spin glasses are reasonably well under-
stood for models with discrete (Ising) symmetries and
long-range interactions6,7. In contrast, for continuous
(Heisenberg and XY) symmetries with short-range cou-
pling, the properties and sometimes the very existence
of the SG phase remain a matter of debate8–12. An im-
portant outstanding question is whether the SG phase
can coexist with true long-range order (LRO)12,13? The-
ory14–16 and numerical studies17–20 have consistently pro-
vide an affirmative answer; see Ref.21 for a review. Both
ferromagnetic (FM)15 and AF 16 models demonstrate a
SG freezing of spin components transverse to the long
range order parameter. The problem gained a particular
urgency in the context of cuprate superconductors, where
SG and AF phases are adjacent on the concentration-
temperature phase diagram but appear to be mutually
exclusive22,23.
On the experimental side though, the situation is much
less clear-cut and hotly debated. Most hurdles on this
route are the known measurement issues endemic to spin
glasses1,24,25. In addition, even if long range order and
SG are shown to appear simultaneously, it may be ex-
tremely difficult to establish their co-existence on the mi-
croscopic scale, as opposed to an inhomogeneous phase
separation. A great deal of work was done on amor-
phous, ferromagnetic FeXZr100−X alloys. While strong
support for uniformly coexisting SG and LRO in these
systems have been presented20,26–28, evidence pointing
to a cluster-based scenario also exist29. In crystalline
materials, simultaneous antiferromagnetic (AF) and SG
states have been observed in Fe0.6Mn0.4TiO3
30,31 and
Co2(OH)PO4
32. However, even in these Ising systems,
the microscopic nature of such coexistence is not unam-
biguous31,32.
A solid experimental proof of microscopic SG and
LRO coexistence in a crystalline material remains elu-
FIG. 1: Left: Structural motif of PbFe1/2Nb1/2O3 . Right:
Antiferromagnetic G-type order of Fe3+ moments in the
collinear phase (blue arrows) and proposed model for
speromagnetic-like ordering in the antiferromagnetic spin
glass phase (red arrows). The tilt angle Φ randomly varies
from site to site averaging to zero. Nb5+ are non-magnetic.
sive. Besides finding an appropriate model compound,
one has to strategically choose the experimental tech-
niques. Momentum-resolved (scattering) experiments
are well-suited to probe microscopic quantities averaged
over the entire sample, but do not provide spatially-
resolved information. In contrast, local-probe resonant
methods are ideal tools for validating homogeneity on
the microscopic level, but carry no information on spa-
tial coherence. Only by merging the two approaches the
coexistence of complex phases can be unambiguously es-
tablished. In this Letter we report combined Mo¨ssbauer
spectroscopy and neutron scattering experiments on the
disordered AF PbFe1/2Nb1/2O3 . We prove that in this
crystalline Heisenberg AF system SG and true AF long-
range order coexist on the microscopic scale.
Our target material, abbreviated PFN , is a well-known
complex perovskite. Its structure is shown in Fig. 1 (left
panel). The Pb ions reside at the corners of the unit
cell, while oxygen octahedra surrounds the Fe and Nb
sites. The material is nearly cubic with a lattice con-
stant a = 4.01 A˚33. Although the spin Hamiltonian of
PFN has not been established, it is believed that near-
est neighbor Heisenberg interactions are frustrated by
next nearest neighbor AF ones. The magnetic Fe3+ and
Nb5+ are randomly distributed over the B-sites of the
perovskite lattice33,34. The non-magnetic sites locally
relieve the geometric frustration of interactions in a spa-
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2tially random manner. AF long-range order occurs below
TN ∼ 145 K. The Fe3+ moments are arranged in a sim-
ple G-type structure35 as shown by blue arrows in the
right panel of Fig. 1. The spin glass state emerges at
a lower temperature, TSG ∼ 12 K. It is manifested in
a difference between magnetization curves measured in
zero-field-cooled (ZFC) and field-cooled samples36. What
is known from combined muon-spin rotation (µSR) and
neutron scattering studies, is that the long-range AF or-
der in PFN is not destroyed by the appearance of SG
state37. However, based on the magnetoelectric (ME)
experiments, it has been argued that this coexistence
is a phase separation38. In this model, the two type
of order emerge independently on separate subsystems:
infinite-range percolation cluster (AF) and isolated Fe3+
ions and unblocked superantiferromagnetic Fe3+ clusters
(SG). Below we shall demonstrate that, in fact, the coex-
istence is a single homogeneous phase, with the magnetic
moments arranged in a speromagnetic-like fashion, as in-
dicated by the red arrows in the right panel of Fig. 1b.
In our PFN samples39, the two phase transitions are
readily observed in macroscopic experiments. Figure 2a
shows magnetic DC susceptibility versus temperature ob-
tained using ZFC and FC protocols42. Below TSG ∼ 12
K the two curves diverge as is typical for a spin glass.
SG behavior is further evidenced by the gradual fre-
quency dependence of the rounded peak in AC suscep-
tibility (Figure 2a, inset). In contrast, the small cusp
in susceptibility which is due to AF ordering at TN does
not show noticeable history effects (see further details
in the Supplement). These observations are in agree-
ment with previous reports36,38,41, confirming that our
samples are essentially identical to those used by other
groups. Of course, as any true long range ordering, the
AF phase transition is best represented by the emergence
of a new AF Bragg peak in neutron diffraction. The mea-
sured temperature dependence of the Q = (1/2, 1/2, 1/2)
Bragg intensity is plotted in Figure 2b43. As expected
for an AF, the intensity of the magnetic Bragg peak (i.e.
square of magnetization) increases smoothly below TN.
Below TSG, a small decrease of the AF Bragg peak inten-
sity is observed, whereas the lineshape remains Gaussian.
This observation is reminiscent of that seen in certain
reentrant systems30,44, and may be attributed to spin-
canting. As discussed below, this is precisely our inter-
pretation of this effect in the case of PFN .
Verifying the coexistence of the SG and AF phases the
microscopic level calls for the use of microscopic local
probes. For this purpose Mo¨ssbauer spectroscopy em-
ploys magnetic nuclei already present in the material, in
our case those of 57Fe. In a paramagnetic state, the po-
sition of the nuclear absorption line is the isomer (chem-
ical) shift, related to the valence state of the ion. This
line may exhibit additional quadrupolar splitting due to
a non-spherical charge distribution around the ion, re-
sulting in an electric field gradient at the nuclear site.
In magnetically ordered phases, the degeneracy of the
nuclear energy levels is further lifted by the local hyper-
FIG. 2: (a) DC susceptibility of PFN taken measured in 100
Oe applied field following ZFC and FC protocols. Inset: AC-
susceptibility taken in the range 102 - 104 Hz (b) Measured
temperature dependence of the intensity of an antiferromag-
netic Bragg peak in PFN (symbols) a. The evolution of an
AF Bragg peak for T≤ 50 is shown in inset. (c) Average hy-
perfine field 〈Bhf 〉 obtained from the Mo¨ssbauer spectra as a
function of temperature. All lines are guides for the eye.
aIt is not feasible reliably calculate the Brillouin curve for PFN, as
the temperature dependence of the staggered magnetization is not
a monotonous function, and the ordered moment is much reduced
from the expectations for Fe3+35
fine field at the nuclei, generated by the static sublattice
magnetization. The resulting energy intervals between
the lines are then a measure of the iron magnetic mo-
ment.
The way this scenario plays out in PbFe1/2Nb1/2O3 is
illustrated by the typical Mo¨ssbauer spectra shown in
Fig. 345. All data were collected on powder samples pre-
pared by grinding either single crystals or ceramic ma-
terial, with virtually identical results. This consistency
proves that all effects described below are robust and
3FIG. 3: Representative Mo¨ssbauer spectra of PFN taken in
the paramagnetic phase (a) and below its Ne´el temperature
(b-d). Note a reduced velocity scale in panel (a).
sample-independent.At T=200 K, in the paramagnetic
phase, a single structured line is observed (Fig. 3a). The
additional slight splitting is due to the above-mentioned
quadrupolar effect 46. For all samples studied in this
work, the spectra measured at T > TN can be fit (red
line in Fig. 3) assuming two types of Fe3+ sites with dis-
tinct isomer shifts (blue and green line). Attempts to
fit the paramagnetic spectra with a single contribution
gave less satisfactory agreement factors and a significant
broadening. The two effects become progressively more
pronounced in the AF phase, suggesting that the one-
component model is inappropriate. As discussed else-
where46, the two different sites may correspond to local
variations in chemical short range order. Our analysis
yields approximately equal populations for the two com-
ponents47 . The obtained isomer shifts can be unambigu-
ously attributed to trivalent high spin iron Fe3+.
Below TN, the single line is split due to the appearance
of long range order, as shown in Figs. 3 b–d. The temper-
ature dependence of the measured average hyperfine field
〈Bhf 〉 is presented in Fig. 2c. In the AF phase, it follows
the magnetic order parameter, as expected. However,
FIG. 4: (a, b)The magnetic hyperfine fields for the two Fe3+
sites (1,2) as deduced from the measured Mo¨ssabuer spectra,
as described in the text. Labels “c” and “x” stand for ceramic
and crystalline samples, respectively. (c) Evolution of the
P(Bhf ) towards homogeneous ground state.
a crucial new observation is that the unsplit (paramag-
netic) component that dominated in the paramagnetic
state, is no longer present below TN. This immediately
rules out the phase separation model of Ref.38. In the
latter, the low temperature SG phase is confined to iso-
lated spin clusters. Above TSG these would simply be
paramagnetic, and necessarily produce a resonance line
almost identical to that above TN. In contrast, our data
show that all spins in the system are involved in the AF
order. At the same time we note that the quadrupo-
lar splitting, so clearly visible at high temperatures, is
absent below TN. This indicates a wide distribution of
angles between the iron spin and the local axes of the
electric field gradient tensor.
Important clues to the nature of the ordered phases are
obtained by a more thorough quantitative analysis46,48.
4The simplest strategy is to treat the spectra as superposi-
tions of two contributions with distinct hyperfine fields.
Even so, to obtain a good fit, one has to allow for an
intrinsic and temperature-dependent broadening of the
absorption lines, which implies a distribution of magnetic
hyperfine fields. Assuming these distributions P(Bhf ) to
be Gaussian, and fitting the data to the resulting model,
produces the fits shown in red lines in Figs. 3 b–d. The
procedure consistently yields equal spectral weights of
the two components at all temperatures. The hyperfine
fields for each one are separately plotted as a function of
temperature in Fig. 4a.
Another experimental result that firmly supports a mi-
croscopic coexistence of AF and SG orders is the mea-
sured temperature dependence of the width σBhf of the
hyperfine field distribution (Fig. 4b). For both sites,
σBhf gradually increases on cooling below TN in the AF
phase and reaches a broad maximum between 120 K and
50 K. Below T ∼ 50 K, the distribution width decreases
drastically, and remains very small and constant below
TSG ∼12K. The most natural interpretation of such be-
havior is that line broadening is due to slow fluctuations
of local magnetic fields within Mo¨ssbauer frequency win-
dow (MHz to GHz). In this scenario, all of the avail-
able Fe spins are involved in creating the AF order, and
the simultaneous narrowing of all lines at low temper-
atures corresponds to all of them being involved in SG
freezing. Such behavior is totally inconsistent with the
above-mentioned inhomogeneous model. Indeed, a par-
tition into smaller dynamic clusters and infinitely con-
nected static AF cluster would result in narrower lines in
the high temperature AF phase.
Our conclusion is further supported by the temper-
ature evolution of the distribution of magnetic hyper-
fine fields, which is known to provide valuable clues on
the spin arrangement26,29,49–51. The distributions deter-
mined for PFN are shown in Fig. 4c and further details
are given in the Supplement. Whereas above ∼ 10 K
it exhibits pronounced double-peak shape, just a narrow
peak with a slight shoulder is observed at base tempera-
ture. These findings are precisely opposite to the expec-
tations for inhomogeneous (cluster-like) scenario29.
That the magnetic state below about 10 K is homo-
geneous as sensed by the Mo¨ssbauer nuclei, is also sup-
ported by the nearly coinciding saturation values of Bhf
for the two contributions. These value are close to an
average hyperfine field at saturation typically found in
other Fe3+-based perovskites55, suggesting a full recov-
ery of the Fe3+ moment at the lowest temperature.
We are now in a position to propose a model for the
low-temperature magnetic structure of PFN . As men-
tioned, the variation of Bhf above 50 K (Fig. 2c) roughly
follows that of the AF long range order parameter deter-
mined by neutron diffraction (Fig. 2b). It stands to rea-
son that in this regime it mainly reflects the evolution of
the collinear long range ordered AF component 〈Sz(T )〉
of Fe3+ (Fig. 1b, blue arrows). The increase of mean
magnetic hyperfine fields on cooling below 50 K (Fig. 2c,
green line), is reminiscent of precursor phenomena in fer-
romagnetic re-entrant spin-glass systems like AuFe52,53
or the mixed spinel Mg1+tFe2−2tTitO454. It represents
a gradual freezing of transverse spin components within
Mo¨ssbauer frequency window. In other words, there oc-
curs a tilting of the ionic moments from the z direction
set by the AF long-range order (Fig. 1b, red arrows).
The process culminates in a complete (static) freezing at
TSG. From the change of Bhf observed between 50 K
and 4 K, we can roughly estimate the typical tilt angles
to be ∼ 30o and ∼ 55o.
Unlike the longitudinal component, the transverse one
show no long-range correlations. At the time-scale of
∼ 10−11 s it contributes to the static diffuse neutron mag-
netic scattering with a correlation length ∼ 15 A˚37, but
adds nothing to the AF Bragg peak intensity. In our pro-
posed model, the progressively more pronounced trans-
verse correlations cause a canting of spins below T∼50 K,
and become liable for the reduction of the latter (Fig. 2b,
green line).
In conclusion, at low temperatures, the crystalline
Heisenberg system PbFe1/2Nb1/2O3 realizes a unique
combination of antiferromagnetic long range order for
one set of spin components, and a spin glass state for
the transverse ones.
This work is partially supported by the Swiss National
Fund through MANEP.
∗ sgvasali@phys.ethz.ch
† zhelud@ethz.ch; http://www.neutron.ethz.ch/
1 E. Dagotto, Science 309, 257 (2005).
2 D. Bergman, J. Alicea, E. Gull, S. Trebst, L. Balents, Na-
ture Phys. 3, 487 (2007).
3 E.A. Goremychkin, R. Osborn, B.D. Rainford, R.T.
Macaluso, D.T. Adroja, an M. Koza, Nature Phys. 4, 766
(2008).
4 R.G. Palmer, D. Stein, E.S. Abrahams, P.W. Anderson,
Phys. Rev. Lett. 53, 958 (1984).
5 K. Binder, A.P. Young, Rev. Mod. Phys. 58, 801 (1986).
6 M. Palassini and S. Caracciolo, Phys. Rev. Lett. 82, 5128
(1999).
7 H.G. Ballesteros, A. Cruz, L.A. Fernandez, V. Martin-
Mayor, J. Pech, J.J. Ruiz-Lorenzo, A. Tarancon, P. Tellez,
C. L. Ullod, and C. Ungil, Phys. Rev. B 62, 14237 (2000).
8 S. Abiko, S. Niidera, and F. Matsubara, Phys. Rev. Lett.
94, 227202 (2005)
9 L.W. Lee and A.P. Young, Phys. Rev. Lett. 90, 227203
(2003).
10 D.-X. Viet and H. Kawamura, Phys. Rev. Lett. 102,
027202 (2009).
11 D.-X. Viet and H. Kawamura, Phys. Rev. Lett. 105,
097206 (2010).
512 A.P. Young, Journal of Physics: Conference Series 95,
012003 (2008).
13 K. Binder, W. Kob ”Glassy Materials and Disordered
Solids, 2nd revised edition (World Scientific, Singapore,
2011).
14 D. Sherrington and S. Kirkpatrick Phys. Rev. Lett. 35,
1792 (1975).
15 M. Gabay and G. Toulouse, Phys. Rev. Lett. 47, 201
(1981).
16 I. Ya. Korenblit and E. F. Shender, Sov. Phys. JETP 66,
597 (1987).
17 M. Nielsen, D.H. Ryan, H. Guo, and M. Zuckermann,
Phys. Rev. B 53, 343 (1996).
18 F. Matsubara, T. Iyota, and S. Inawashiro,Phys. Rev. B
46, 8282 (1992).
19 S. Niidera, S. Abiko, and F. Matsubara Phys. Rev. B 72,
214402 (2005)
20 A. D. Beath, D. H. Ryan, J. M. Cadogan, and J. van
Lierop, J. of Appl. Phys. 111, 07E108 (2012).
21 D. H. Ryan, in Recent Progress in Random Magnets,
edited by D. H. Ryan World Scientific, Singapore, 1992
Chap. 1.
22 Ch. Niedermayer, C. Bernhard, T. Blasius, A. Golnik, A.
Moodenbaugh, J.I. Budnick, Phys. Rev. Lett. 80, 3843
(1998); S. Sanna, G. Allodi, G. Concas, A. D. Hillier, R.
De Renzi, Phys. Rev. Lett. 93, 207001 (2004).
23 H. Alloul, J. Bobroff, M. Gabay, and P.J. Hirschfeld, Rev.
Mod. Phys. 81, 45 (2009).
24 E. Dagotto, T. Hotta, and A Moreo, Phys. Rep. 344, 1
(2001).
25 D.C. Johnston Adv. in Phys. 59, 803 (2010).
26 H. Ren and D.H. Ryan, Phys. Rev. B 51, 15885 (1995).
27 D.H. Ryan, J.M.D. Coey, E. Batalla, Z. Altounian, and J.
O. Strom-Olsen, Phys. Rev. B 35, 8630 (1987).
28 D.H. Ryan, J.M. Cadogan and J. van Lierop, Phys. Rev.
B 61, 6816 (2000).
29 S.N. Kaul, V. Siruguri, and G. Chandra, Phys. Rev. B 45,
12343 (1992).
30 H. Yoshizawa, S. Mitsuda, H. Aruga, A. Ito, Phys. Rev.
Lett. 59, 2364 (1987).
31 A. Ito, S. Morimoto, A. Katori, J. Phys. Soc. Japan 65,
3331 (1996).
32 J.M. Rojo, J. L. Mesa, L. Lezama, J.L. Pizarro, M.I. Ar-
riortua, J. Rodriguez Fernandez, G.E. Barberis, T. Rojo,
Phys. Rev. B 66, 094406 (2002).
33 V. Bonny, M. Bonin, Ph. Sciau, K.J. Schenk, and G. Cha-
puis, Solid State Comm. 102, 347 (1997).
34 C.N.W. Darlington, J. Phys.: Condens. Matter 3, 4173
(1991).
35 S.A. Ivanov, R. Tellgren, H. kan Rundlof, N.W. Thomas,
S. Ananta, J. Phys.: Condens. Matter 12, 2393 (2000).
36 A. Falqui, N. Lampis, A. Geddo-Lehmann, and G. Pinna,
J. Phys. Chem. B 109, 22967 (2005).
37 G.-M. Rotaru, B. Roessli, A. Amato, S. N. Gvasaliya, S.
G. Lushnikov, T. A. Shaplygina, Phys. Rev. B 79, 184430
(2009).
38 W. Kleemann, V.V. Shvartsman, P. Borisov, and A. Kania,
Phys. Rev. Lett. 105, 257202 (2010).
39 PFN ceramics were sintered using the conventional two-
stage technology described e.g. in40. Single crystals were
prepared using the spontaneous crystallization technique
as described in Ref.41.
40 S.N. Gvasaliya, S.G. Lushnikov, I.L. Sashin, T.A. Shaply-
gina, J. Appl. Phys. 94, 1130 (2003)
41 A. Kumar, R.S. Katiyar, C. Rinaldi, S.G. Lushnikov, and
T.A. Shaplygina, Appl. Phys. Lett. 93, 232902 (2008).
42 Magnetization and susceptibility measurements were per-
formed using a PPMS from Quantum Design.
43 Neutron scattering experiments were performed on a sin-
gle crystal sample at the TASP 3-axis cold neutron spec-
trometer at Paul Scherrer Institut, using k = 2.662A˚−1
neutrons. Sample environment was a standard “orange”
cryostat. Further details are given in the Supplementary
material.
44 I. Mirebeau, C. Bellouard, M. Hennion, G. Jehanno, V.
Caignaert, A.J. Dianoux, T.E. Phillips, K. Moorjani, Phys-
ica C 184, (299) 1991.
45 Conventional 57Fe Mo¨ssbauer absorption spectroscopy ex-
periments in transmission geometry we performed on
60 mg/cm2 powder samples, which corresponds to 0.1
mg/cm2 of 57Fe. The absorbers were kept within nylon
containers in a static helium exchange gas atmosphere of
about 0.2 mbar in a liquid helium flow cryostat.
46 I.P. Raevski, S.P. Kubrin, S.I. Raevskaya, D.A. Sarychev,
S.A. Prosandeev,M.A. Malitskaya, Phys. Rev. B 85,
224412 (2012).
47 Ref.46 reports a ratio 0.78 : 0.22.
48 Y. Yang, J.-M. Liu, H. B. Huang, W. Q. Zou, P. Bao, Z.
G. Liu, Phys. Rev. B 70, 132101 (2004).
49 S. Mørup, J. Magn. Magn. Mater. 266, 110 (2003).
50 S. Bocquet, R. J. Pollard, and J. D. Cashion, Phys. Rev.
B 46, 11657 (1992).
51 Q.A. Pankhurst, L.F. Barquin, J. S. Lord, A. Amato, and
U. Zimmermann, Phys. Rev. B 85, 174437 (2012).
52 J. Lauer, W. Keune, Phys. Rev. B 48, 1850 (1982).
53 R.A. Brand, J. Lauer, W. Keune, Phys. Rev. B 31, 1630
(1985).
54 R.A. Brand, H. Georges-Gibert, J. Hubsch, J.A. Heller, J.
Phys. F: Met. Phys. 15, 1987 (1985).
55 G. Shirane, D.E. Cox, and S. L. Ruby, Phys. Rev. 125,
1158 (1962).
